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ABSTRACT 
A study of the role of microstructure in influencing 
crack growth response was undertaken to better define the 
elemental processes involved in gaseous hydrogen embrittle- 
ment.  This study is needed for a more complete under- 
standing of the interactions between chemical, mechanical 
and metallurgical variables.  AISI 4340 steel fractured 
under sustained load in hydrogen and in hydrogen sulfide 
over a range of temperatures and pressures was chosen for 
study, because the crack growth kinetics in these environ- 
  - - ■       i" ' 
ments have been well characterized previously. 
Fractographic results showed that crack growth fol- 
lowed predominantly along prior-austenite grain boundaries, 
with a small amount of quasi-cleavage, at low temperatures. 
At high temperatures, crack growth occurred primarily by 
micro-void coalescence.  The fracture surface morphology, 
which is indicative of the micromechanisms for crack 
growth, was essentially the same for hydrogen and hydrogen 
sulfide. Changes in fracture morphology corresponded to 
changes in crack growth kinetics, both of which depended 
on pressure and temperature.  Quasi-cleavage in this AISI 
4340 steel was identified with fracture along {110} , 
planes through the martensite laths, with {225} habit 
planes.  There was no clear evidence for crack nucleation 
in advance of the main crack. 
vn 
The experimental results indicate 'that micro-struc- 
ture plays an important role in determining crack growth 
response.  The fracture process zone is located within one 
grain diameter from the crack tip.  The prior austenite 
and martensite lath boundaries are seen to be most sus- 
ceptible to hydrogen embrittlement.  The {110} , and 
{112} , cleavage planes of the martensite also show some 
susceptibility.  Otherwise, the martensite matrix is 
relatively immune.  The observed changes in crack growth 
rate with temperature and pressure in the higher tempera- 
ture region are explained in terms of the partitioning of 
hydrogen into the different microstructural elements and 
the consequent changes in the micromechanisms for frac- 
ture. 
1.0  INTRODUCTION 
Hydrogen assisted subcritical crack growth in high- 
strength steels is a well known technological problem and 
is of great concern because of the many different opportu- 
nities for hydrogen pick up during processing and during 
service [1,2].  Extensive studies have shown that the rate 
of subcritical crack growth in high-strength steels ex- 
posed to hydrogen or hydrogen sulfide under sustained load 
is dependent on the stress intensity factor (K_), the test 
temperature, the gas pressure, and the composition, puri- 
ty, strength level and microstructure of the steels [3-5]. 
Quantitative understanding of the mechanism and the rate 
controlling processes for crack growth and of the interac- 
tions among different variables is essential for the de- 
velopment of steels and inhibitors to improve service per- 
formance [1-6].  Such understanding is also needed for the 
establishment of rational design procedures. 
On the basis of parallel fracture mechanics and sur- 
face chemistry studies of an AISI 4340 steel, a number of 
processes that control the rate of environmentally as- 
sisted crack growth under sustained load have been iden- 
tified [4,6-14] and are described in the following sec- 
tion.  The identification of these rate controlling pro- 
cesses has provided a quantitative basis for understand- 
ing crack growth response, principally in terms of envi- 
ronmental and loading variables.  It has also provided 
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some needed insight into the probable mechanisms for 
crack growth.  It was evident from these studies that the 
cracking response is also determined by the embrittlement 
mechanism.  Quantitative understanding of this aspect is 
needed for a more complete 'understanding of the interac- 
tions between chemical, mechanical and metallurgical vari- 
ables. 
Embrittlement apparently involves a region of mate- 
rial ahead of the crack tip.  In other words, it ocburs by 
a "volume embrittlement" mechanism as opposed to a "sur- 
face" mechanism (such as stress sorption cracking) [14-16, 
30].  This volume embrittlement, or reduction in local 
fracture stress, results from interactions of the micro- 
structure with the deleterious species (e.g.,  hydrogen) 
that enter the material to reduce the interatomic bond 
strength or to alter the local chemistry or microstruc- 
ture. As a result of these interactions, cracks tend to 
follow specific paths through the microstructure.  The 
particular paths and rates of growth are expected to de- 
pend on the local concentration of the deleterious species 
and the rate of supply of these species to the various 
fracture sites, and therefore are expected to depend on 
temperature and pressure of the environment.  Changes in 
fracture surface morphology or crack path with environ- 
mental conditions have been recognized previously [17]. 
Their role in altering crack growth response, however, has 
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not been systematically studied. 
To examine the role of microstructure in influencing 
crack growth response, an experimental program of study 
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was undertaken to better define the elemental processes 
involved in environmentally assisted fracture.  Specifical- 
ly, AISI 4340 steel fractured under sustained load in hy- 
drogen and in hydrogen sulfide over a range of temperatures 
and pressures is selected for study, because the crack 
growth kinetics have been well characterized previously 
[7,11J.  Scanning electron microscopy is used for fracto- 
graphic analyses and to characterize the underlying micro-r. 
structure.  Etching techniques and transmission electron 
microscopy are also used to provide further identification 
and correlations of the fracture paths with the underlying 
microstructure. A special experiment is devised to deter- 
mine whether the crack nucleates well ahead of the main 
crack.  The results are then considered in relation to the 
crack growth kinetics, and to the mechanism and rate con- 
trolling processes for crack growth. 
2.0  BACKGROUND 
To provide a framework for the experimental work, a 
brief review of environmentally assisted crack growth 
response in high-strength alloys is given.  Emphasis is 
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placed on sustained-load crack growth in high-strength 
steels exposed to hydrogen and hydrogen sulfide. 
Published data on steels exposed to water/water vapor, 
hydrogen, hydrogen sulfide and other aqueous environments 
show that steady-state crack growth under sustained loads 
may be separated into three stages [5,18].  These stages 
consist of two strongly K._-dependent stages (Stages I and 
III) joined by an essentially Kj-independent intermediate 
stage (Stage II), Fig. (1).  In Stage I, crack growth be- 
gins from an apparent threshold K_ {i.e.,   K ., or KT  ) 
and increases rapidly with increasing K_.  Here, the chem- 
ical processes are believed to be sufficiently fast in 
supplying embrittling species to the crack tip region. The 
rate is determined by the mechanical process of fractur- 
ing of "embrittled" material [17,18].  In Stage III, crack 
growth rates again increase rapidly with increasing Kj. 
This regime of growth corresponds to the onset of fracture 
instability (i.e.,  with K_ approaching K_ ) and is thereby 
completely controlled by the purely mechanical process of 
fracture. 
The K_-independent Stage II crack growth has attracted 
most attention in recent years and has been identified 
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with the rate controlling processes for crack growth [13]. 
The rate controlling process can be one of the appropriate 
chemical process(es) or the embrittlernent mechanism itself. 
The various  processes  that might be involved in the 
embrittlernent of ferrous alloys by hydrogen and hydroge- 
nous gases (such as H_S, H_0) are illustrated in Fig. 2 
and are as follows [5,19]: 
o Transport of the gas or gases to the crack tip. 
o Sequential processes involved in the reactions of 
gas or gases with newly created crack surfaces 
to evolvehydrogen (vis.,   physical and dissocia- 
tive chemical adsorption). 
o Hydrogen entry (or absorption). 
o Diffusion of hydrogen to the fracture (or embrit- 
tlernent) site. 
o Hydrogen-metal interaction leading to embrittle- 
rnent (i.e.,   the embrittlernent reaction). 
Recent studies on an AISI 4340 steel have served to 
identify some of these processes that control crack 
growth.  The processes and corresponding Stage II crack 
growth response are illustrated in Fig. 3 [7,10,11].  From 
Fig. 3, it can be seen that the kinetics of sustained-load 
crack growth in high-strength steels exposed to hydrogen 
and hydrogen sulfide exhibit substantially different re- 
sponses in two temperature regions.  At "low" temperatures, 
crack growth reflects control by gas-phase transport to 
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the crack tip, surface reaction of the gas with the newly 
created surfaces at the crack tip, or hydrogen diffusion 
to the embrittlement region ahead of the crack tip,with 
rates conforming to the temperature and pressure depen- 
dence of the rate controlling process [7,10,11,13].  At 
"high" temperatures, the growth rates are substantially 
lower than those given by these processes had they re- 
mained in control.  The reduction in crack growth rates 
suggests the transfer of control to some other process, 
which is yet to be identified. 
The transfer of control from one process to another 
and the resultant change in crack growth response, as one 
changes environmental conditions in the "low" temperature 
region, are reasonably well understood [6].  In the "high" 
temperature region, however, the reasons for the decrease 
in growth rates with increasing temperature are less clear. 
The decrease may result from a decrease in the rate of 
supply of hydrogen engendered by changes occurring outside 
of the steel, or from changes in fracture paths caused by 
the distribution of hydrogen into different regions of 
the microstructure.  Clarification of this issue can con- 
tribute both to the understanding of hydrogen embrittle- 
ment mechanisms and to the development of rational methods 
for extrapolating and interpreting experimental data for 
analysis and for design. 
Fractographic analyses are often performed in 
parallel with the stress corrosion cracking or hydrogen 
embrittlement tests.  Some fundamental characteristics of 
fracture surface associated with hydrogen embrittlement 
have been identified [17,20-28].  In high-strength steels, 
hydrogen-assisted subcritical crack growth is often 
characterized by intergranular separation, and by traps- 
granular cleavage and guasi-cleavage [23,25,29-30].  Sev- 
eral recent studies have reported that quasi-cleavage pro- 
duced by internal hydrogen embrittlement reflects the 
separation along variants of {110} planes in iron and 
steel, and that it could be considered to occur under the 
interaction between slip and hydrogen [20-22],  In addi- 
tion, transgranular failure by microvoid coalescence has 
also been observed [24,25,31-32].  Apparently, the frac- 
ture surface morphology can vary as functions of the stress 
intensity factor, temperature, hydrogen pressure, alloy 
composition, microstructure, grain boundary structure and 
segregation, etc.  As such, quite different results can be 
obtained and were often reported because many of the vari- 
ables which operate in hydrogen assisted crack growth were 
different.  Clearly, to advance the state of understanding, 
fractographic analyses must be carried out in conjunction 
with well controlled crack growth experiments and must be 
related to the observed crack growth response. 
Such systematic fractographic analyses have been 
carried out in parallel with the study of the kinetics of 
crack growth in 18Ni maraging steels where the stress in- 
tensity factor, temperature, pressure and microstructure 
of material were well defined and controlled [17,33J. 
Fracture surface characteristics associated with hydrogen 
embrittlement as influenced by a range of mechanical, chem- 
ical and material variables were defined.  The results in- • 
dicated that there was no significant change in fracture 
morphology with changes in temperature and gas pressure in 
the "low" temperature region.  In the "high" temperature 
region, there was a greater amount of transgranular failure 
relative to intergranular separation.Detailed features 
of the transgranular (quasi-cleavage and microvoid co- 
alescence) modes of failure, however, were not identified 
and the reasons for the change in fracture morphology were 
not clearly established. A further study of the change in 
crack growth response in relation to the change in fracture 
morphology is needed to provide further quantitative under- 
standing of the mechanism of hydrogen assisted crack growth. 
Furthermore, in developing suitable models for gaseous 
hydrogen embrittlement, it is essential to establish the 
location of the fracture process zone (FPZ).  In other 
words, it is necessary to establish whether the embrittle- 
ment is a surface or a bulk phenomenon [19]. Models based 
on the critical role of stress in gaseous hydrogen embrit- 
tlement suggested that the FPZ can be either at the crack 
tip (surface) [25,34,35] or at a distance away from the 
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crack tip (bulk) [30].  As first found by Johnson et al. 
[36] for notched tensile specimens of quenched and 
tempered AISI 4340 steel, and as shown recently by others 
[37-39], cracking initiates internally in the region of 
maximum triaxial tensile stress and maximum principal 
stress near the elastic-plastic boundary in precharged 
specimens.  However, it is also suggested that hydrogen 
assisted fracture may occur in a "near surface region" 
between the crack tip and the maximum depth of hydrogen 
transport by diffusion (estimated to be of the order of 
1 to 10 pet of the plane strain plastic zone size) [30, 
33-34].  Thus, the location of PPZ requires further in- 
vestigation. 
3.0  MATERIAL AND EXPERIMENTAL WORK 
The primary effort of this study was directed towards 
examinations of the microstructural features associated 
with subcritical crack growth in hydrogen and hydrogen 
sulfide.  These examinations were carried out on specimens 
that were used in previous studies on crack growth kinetics 
[7,10]. As such, only those procedures that pertain to 
this study are described.  For convenience, descriptions 
of the steol and the specimens used in the prior studies 
are included. 
3il Material 
A laboratory vacuum melted AISI 4340 steel, with 
extra low residual impurity content, was used [7,10].  The 
steel was vacuum cast as a 100 mm-thick by 305 mm-wide by 
560 mm-long slab ingot and was hot-rolled" straightway to 
9 mm-thick plate.  Specimen blanks were cut from hot-rolled 
plate and were heat treated before finish machining into 
test specimens.  The chemical composition, heat temperature 
and room temperature tensile properties of this steel are 
given in Table 1. 
3.2  Experimental Work 
Modified wedge-opening-load (WOL) specimens, with 
thickness (B) = 6.4 mm, width (W) = 52.3 mm and half-height 
to width ratio (H/W) = 0.486 were used for determining the 
crack growth kinetics [7,10].  The specimens were oriented 
in the longitudinal (LT) orientation; that is, with the 
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crack plane perpendicular to the major axis of rolling and 
the crack growth direction transverse to the rolling di- 
rection.  Experimental procedures for crack growth in 
hydrogen and hydrogen sulfide are given in [7-10]. 
To determine the extent of craojc nucleation ahead of 
the main crack for this study, a special experiment was 
devised.  In this experiment, sustained-load crack growth 
in hydrogen sulfide was interrupted.  The environment cham- 
ber was then evacuated, and the specimen was baked out in 
-7 
vacuum (at about 10  Pa) at 100°C for 24 hours to remove 
dissolved hydrogen.  The crack was then extended by fatigue 
in vacuum to reveal features of the crack front that were 
associated with prior crack growth in hydrogen sulfide. 
Fracture surfaces produced from the kinetic studies 
[7-10] and from this special experiment were examined with 
a scanning electron microscope (SEM) in the secondary 
electron imaging mode at 20 kV.  The working distance was 
either 11 or 16 mm, and most of the specimens were tilted 
25 deg about an axis parallel to the direction of crack 
growth.  In all cases, the complete fractured-half of the 
specimen was placed into the microscope for examination, 
thus eliminating artifacts that might be introduced by 
samples sectioning.  All of the fractographs were obtained 
from areas near the mid-thickness region of the specimens. 
The location of each of the areas of interest, with respect 
to the crack starter notch, was measured with the aid of 
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the micrometer stage of the microscope so that the corres- 
ponding stress intensity factor K can be determined. 
An etch pit method [41] was used to determine the 
crystallographic orientation of the quasi-cleavage facets. 
An aqueous solution, containing 15 ml H_02, 2 ml HC1 and 
100 ml H-O, was used.  Etching was carried out at 25°C, 
and pits of acceptable quality were obtained after etching 
for 5 to 10 seconds.  To reveal the prior austenite grain 
boundaries in high purity AISI 4340 steel, metallographic 
samples were etched with a saturated solution of picric 
acid (in water) containing sodium tridecylbenzene sulfonate 
as wetting agent [42] , at 70°C.  Another solution proposed 
by Krahe and Desnoues consisting of saturated alcoholic 
solution of picric acid with concentrated HC1 and an alkyl 
sulfonate of sodium was also used [43]. 
To provide further identification and correlations of 
the fracture paths with the underlying microstructure, 
transmission electron microscopy was used.  Thin foils were 
prepared by chemical thinning with a solution of 160 ml 
H-O, 30 ml H20, and 10 ml HF at first.  Final thinning was 
done by twin-jet electropolishing.  The electrolyte used 
for final thinning was composed of 515 ml of glacial acetic 
acid, 100 grams of sodium chromate, and 50 grams of 
chromic acid [44].  The final thinning was carried out at 
0°C and 35-40 volts. 
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4.0  RESULTS 
Detailed examinations of the fracture surface morphol- 
ogy (FSM) of AISI 4340 steel specimens tested in hydrogen 
and hydrogen sulfide have been made by scanning electron 
microscopy (SEM).  The results of these examinations are 
considered in relation to the different temperature re- 
gions for the crack growth response (Figs. 4 and 5); 
namely, the "low" temperature region (Region A), the 
"high" temperature region (Region C) and the "transition" 
region (Region B) .  General features of the fracture sur- 
face morphology are described in 4.1 arid its correlations 
with crack growth kinetics are described in 4.2.  In addi- 
tion, detailed studies of quasi-cleavage JQC) facets as- 
sociated with hydrogen assisted crack growth have been 
made to identify features of these facets with the under- 
lying microstructure.' A special experiment was devised to 
address the question of crack nucleation ahead of the main 
crack.  The results of these studies are given in 4.3 and 
4.4, respectively.  Considerations of all of the results 
in relation to the understanding of the mechanism for hy- 
drogen embrittlement and crack growth response are given 
in Chapter 5.0 on Discussions. 
4.1 General Features of Fracture Surface Morphology (FSM) 
Fracture morphology for Stage II cracking in Region 
A for AISI 4340 steel produced in hydrogen exhibits five 
modes of failure, as illustrated in Fig. 6.  These 
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failure modes are essentially the same as those for the 
maraging steels 117], namely 
(i)   A predominant component of intergranular sep- 
aration along prior austenite grain boundaries, 
(ii)   Grain facet markings andJaoundary phase 
cracking, 
(iii)  Micro-cracks out of the macroscopic plane of 
fracture (that is, secondary cracks) along 
prior austenite grain boundaries, 
(iv)  A small amount of transgranular quasi-cleavage 
within the prior austenite grains, 
(v)   A small amount of ductile tearing. 
Of these, grain boundary or intergranular (IG) separation 
and quasi-cleavage (QC) are of primary interest. 
The detailed features of intergranular separation may 
be seen from Fig. 7.  The precisely matched microfracto- 
graphs were taken from mating fracture surfaces and repre- 
sent the area indicated by IG in Fig. 6.  Two types of 
features are seen; matching particle-and-hole pairings in- 
dicated by arrow 1 in Fig. 7 and a characteristic marking 
indicated by arrow 2.  There is considerable disagreement 
regarding the origin of the observed characteristic mark- 
ings. •Wayman and Smith [45] suggested that these markings 
are related to the impingement of martensite laths at the 
boundaries.  Williams and Nelson [35] considered them to 
be evidence for deformation of the prior austenite grain 
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facets.  Beachera and Pelloux [24,46], on the other hand, 
defined the grain facet markings as tear ridges, which re- 
sulted from plastic tearing of ligaments of material be- 
tween growing microscopic cracks.  From Fig. 7, the grain 
facet markings appear to be more like tear ridges rather 
than the impingement of martensite laths, particularly 
since corresponding pairs on the mating fracture surfaces 
are both convex.  The particle-and-hole pairs show one-to- 
one matching on the mating grain facets.  These are likely 
to be formed by hydrogen induced cracking along the 
boundaries of residual phases (inclusions or carbides). 
The quasi-cleavage facets show distinct geometrical 
markings, Fig. 8.  These markings are likely to be, re- 
lated to the microstructural features of quenched and tem- 
pered martensite in AISI 4340 steel.  The crystallographic 
features of these QC facets have been determined and are 
described in detail in section 4.3.  The amount of quasi- 
cleavage on the fracture surfaces was small and consti- 
tuted about 13.5 ± 6.6 pet* of the fracture surface of 
AISI 4340 steel cracked in hydrogen at 133 kPa and 270 K. ^ 
Fracture surface morphology of specimens cracked in 
hydrogen sulfide (i.e., for Stage II crack growth in Re- 
gion A at both pressures) are essentially identical with 
that produced in gaseous hydrogen, Fig. 9.  The density 
Estimated 95 pet confidence interval, 
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of grain facet markings and the amounts of QC facets and 
ductile tearing components are somewhat less than that 
observed in hydrogen.  These differences reflect the more 
severe effect of hydrogen sulfide on embrittlement. 
Metallographic sections of fractured specimens were 
also examined.  The results are shown in Fig. 10 and show 
extensive hydrogen assisted separation along prior austen- 
ite boundaries and transgranular cracking.  They also show 
extensive grain boundary and transgranular cracking in 
regions adjaeent to the main crack. 
4
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 Correlations With Crack Growth Kinetics 
4.2.1 Effect of stress intensity factor on cracking in 
Region A 
Fractographic results indicate that increasing stress 
intensity factor (K_) within Stages I and II of crack 
growth had no influence on the hydrogen assisted inter- 
granular crack path, see Fig. 11.  Observations made over 
a range of KT values from 22 MPa/m to &6 MPa»^mf showed no 
gross changes in fracture mode as crack growth changed 
from Stage I to Stage II.  The density of grain facet 
markings and ductile tearing, however, increased slightly 
with increasing K_, starting from the fatigue precrack on 
through Stage I and Stage II, up to the highest K_ levels 
investigated.  This change is indicative of an increase in 
microscopic plastic deformation with the increase in me- 
chanical driving force for crack growth.  The amount of 
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QC component evidently was not affected by K,. level 
in the range studied.  These results are consistent with 
the maraging steels [17], but disagree with those of Kerns 
and Staehle [27,47]. 
A typical microfractograph taken along the boundary 
between the fatigue precrack and the hydrogen induced 
crack, Fig. 12, shows that there is no resolvable 
"stretch zone" associated with the onset of crack growth 
[17,28].  This result supports the suggestion that, con- 
trary to the case of the lower strength steels, "plastic 
stretching" isnot essential for the initiation of hydro- 
gen embrittlement in high strength steels [17]. 
4.2.2 Effect of test temperature and pressure on the 
fracture morphology for Stage II cracking 
Previous investigations had shown that the pronounced 
effect of test temperature on the rate of Stage II crack 
growth in going from Region A to Region C may be related 
to a change in the rate controlling process or a transi- 
tion in fracture mode [7,10,11].  To further investigate 
these possibilities', fractographic analysis was performed 
on specimens tested over the low and the high temperature 
regions, i.e.,   Regions A and C. 
Typical microfractographs taken from AISI 4 340 steel 
specimens tested in hydrogen'at 133 kPa are shown in Fig. 
13. These microfractographs show the changes in fracture 
surface morphology for Stage II crack growth with test 
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temperature.  The three lower temperatures correspond to 
the "low" temperature region or Region A of crack growth 
(see Pig. 4), and the highest temperature corresponds to 
Region C.  In the low temperature region (Region A), the 
Stage II crack rate follows an exponential relationship of 
Arrhenius type and is controlled by the rate of hydrogen- 
metal surface reaction.  Over this temperature range, the 
fracture modes are identical.  They are predominently in- 
tergranular with respect to the prior-austenite grains with 
a small amount of transgranular quasi-cleavage (Fig. 
.13 a-c).  In the high temperature region (Region G) crack 
growth rate deviates from and becomes less than that indi- 
cated by the extrapolation of the low-temperature 
Arrhenius-type relationship.  The decrease in rate is ac- 
companied by rapidly increasing amounts of transgranular -~ 
dimpled separation with increasing temperature.  The tem- 
perature at which the observed change in FSM begins is con- 
sistent with the temperature at which the crack growth rate 
starts to deviate from the Arrhenius relationship (i.e., a 
transition from Region A to Region C response).  The impli- 
cation of this correlation is discussed in Chapter 5.0. 
The fracture surface morphology in Region C is char- 
acterized by the following four components: 
(i)   Transgranular dimpled rupture, some of which 
covers an area encompassing several prior- 
austenite grains.  The amount of dimpled 
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rupture increases rapidly with increasing tem- 
perature . 
(ii)   Intergranular (IG) separation along prior- 
austenite grain boundaries with extensive 
grain facet markings.  The amount of IG 
separation, in contradistinction to the 
dimpled failure, decreases rapidly with in- 
creasing temperature, 
(iii)  A small amount of transgranular quasi-cleavage 
(QC) separation.  The QC component is completely 
replaced by the dimpled component with in~ 
creasing temperature in the early stages of 
Region C. 
(iv)   Intergranular and transgranular microcracks out 
of the macroscopic fracture plane. 
Similar to that for Region A  (see 4.1 and Fig. 11), 
the Region C fracture morphology is essentially indepen- 
dent of stress intensity factor, from 38.5 to 66 MPa/m, 
for the various hydrogen pressures.  The only noticeable 
change in FSM is a small increase in the amount of dimples 
with increasing K_. 
The effect of hydrogen pressure on the fracture sur- 
face morphology is small.  The temperature for the transi- 
tion from IG and QC to MVC modes of separation is obvi- 
ously influenced by hydrogen pressure.  For example, the 
first indication of MVC is observed at about 326K (52°C) 
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for a hydrogen pressure of 133 kPa, and is at about 286K 
(13°C) for a pressure of 13.3 kPa.  This tendency is again 
consistent with the effect of hydrogen pressure on the 
temperature for the transition from Region A tp Region C 
crack growth. / 
The FSM associated with crack growth in hydrogen sul- 
fide is essentially identical to that for hydrogen (com- 
pare Figs. 13 and 14).  At a hydrogen sulfide pressure of 
0.133 kPa, in Region A; the crack growth rate is propor- 
tional to p//T and is controlled by the rate of transport 
of H-S to the crack tip*  In this region,~the FSM is the 
same as that for hydrogen in Region A and is unaffected by 
temperature.  With increasing temperature, into Region C, 
the crack growth rate begins to deviate from the p//T 
relationship.  A concommitant transition in FSM occurs with 
the amount of dimpled fracture increasing with temperature. 
The transition from Region A to Region C occurs at about 
320 K. 
The fracture surface morphology associated with crack 
growth in Hydrogen sulfide at 2.66 kPa shows the same 
Region A and Region C features seen at the lower pressure. 
The transition in FSM occurs within the range of 373 to 
413 K at this pressure.  It is significant to note that 
hydrogen diffusion has been identified as the principal 
rate controlling process at 2.66 kPa in Region A [48]. 
Within Region A, however, there appears to be a transfer 
20 
of control from hydrogen diffusion to gas transport, be- 
ginning at about 293 K i22°C),  with the crack growth rate 
< 
decreasing below that indicated by an Arrhenius-type rela- 
tionship (Fig. 5).  This transfer of control is not accom- 
panied by a change in fracture surface morphology, and 
significant amounts of dimpled rupture do not appear 
until the test temperature exceeds 373 K. 
These fractographic observations suggest that the 
fracture mode is unaffected by the rate controlling pro- 
cess for crack- growth as long as an adequate amount of hy- 
drogen is supplied. The transition from XG and QC to MVC 
modes of separation with increasing temperature was accom- 
panied by significant reduction in crack growth rate.  The 
temperature at which the transition in FSM occurs is depen- 
dent on hydrogen and hydrogen sulfide pressure.  The tran- 
sition in FSM and the associated reduction in crack growth 
rates may result from a temperature induced cut-off in hy- 
drogen supply [25,34] or from the repartitioning of hydro- 
gen amongst the different microstructural sites.  These 
possibilities are considered in Chapter 5.0. 
4.3 Characterization of QC Morphology in Relation to 
Microstructure 
As discussed in 4.1, most of QC facets show geometri- 
cal markings. A typical SEM microfractograph of a QC facet 
shows the presence of such geometrical markings at high 
magnification, Fig. 15-a.  A SEM micrograph of a polished- 
21 
and-etched surface of AISI 4340 steel, at the same magnifi- 
cation is shown in Fig. 15-b for comparison.  It can be 
seen that the geometrical markings are made up of fine ob- 
long elements that are either parallel or intersect at 
clearly defined angles.  This configuration is very much 
like the martensite structure in AISI 4340 steel.  It is 
conceivable that these oblong elements correspond to the 
intersection of martensite laths or plates with the local 
fracture surface, %.e.,  with'the QC facet.  The angle's be- 
tween these oblong elements would then correspond to angles 
between the traces of martensite laths or plates on the 
local fracture surface. 
To investigate this possibility, single surface trace 
analyses are made on six such QC facets.  The angles be- 
tween the oblong elements are first determined.  Since 
these elements form triangles, only two of the three 
angles (designated as A and B) for each triangle are mea- 
sured and the third one (designated as C) is calculated 
from the other two.  The results, are given in Table 2, and 
show the average value of each angle to be about 60°. 
These angles are consistent with fracture along {110} , 
planes through the martensite, with martensite habit 
planes of either {111} or {225}  (see Appendix I). 
To verify that the QC facets correspond to fracture 
along {110} ,*planes through the martensites, an etch pit 
method is used to determine the crystallographic orienta- 
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tions of the facets [21,41].  For body-centered-cubic 
crystals, etch pits are produced on {110} and {100} 
planes, and exhibit shapes as illustrated in Pig. 16-b. 
A typical example of such etch pits on a QC facet is shown 
in Fig. 16-a.  The shape of pits clearly shows that the QC 
facets indeed correspond to {110} , planes through the 
martensite [21,41]. 
From transmission electron microscopic examinations, 
a region has been found where the angles between martens- 
ite laths are close to 60°.  A TEM micrograph of this re- 
gioii is shown in Fig, 17-aV Selected area diffraction 
pattern analysis of one of the martensite laths from this 
region (marked in Fig. 17-a) showed the foil plane normal 
(or direction B) corresponded to [112] , (see Appendix II). 
Crystallographic analysis, based on this identification 
and on the relative orientation of austenite and martens- 
ite, showed that the configuration of martensites is con- 
sistent with that formed by martensite laths with {225} 
habit planes. The results suggest that the habit plane in 
this AISI. 4340 steel is more likely to be {225} rather 
than {111}Y (see Appendix III). 
Although the principal morphology of QC cracking is 
as described, there are a few exceptions.  Some QC facets 
do not show discernible geometric markings and some others 
exhibit geometrical markings at angles that differ signif- 
icantly from 60°.  These minor exceptions may be caused by 
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the presence of ductile tearing which obscures the geomet- 
rical markings, in the first case, and by having the QC 
facets oriented at large angles with respect to the main 
fracture surface in others. 
4.4 Crack Nucleation Site and Fracture Process Zone 
Recent investigations [3-5,17,25,34,49] have shown 
that the kinetics of hydrogen enhanced crack growth in 
high strength steels are governed by the combined effects 
of the chemical and the mechanical driving forces.  The 
enhancement of crack growth involves all of the individual 
processes from the transport of hydrogen in the gas phase 
to the embrittlement process at the fracture process zone 
(FPZ), (see Fig. 2).  To establish the location of the 
fracture process zone, a special experiment is used to de- 
termine the extent of crack nucleation ahead of the main 
crack (see 3.2).  Macrofractographs of fracture surfaces 
produced in this special experiment clearly delineates the 
different steps in the experimental sequence, Fig. 18. 
The fracture surfaces have been examined by scanning 
electron microscopy.  The SEM results show that the frac- 
ture surface morphology produced by crack growth under 
sustained load in hydrogen sulfide is completely different 
from that produced by fatigue in vacuum.  Thus, the crack 
front contour and crack nucleation associated with crack 
growth in hydrogen sulfide can be easily identified.  A 
typical region between fatigue and sustained load crack 
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growth is shown in Fig. 19.  There is no evidence for crack 
nucleation in advance of the main crack.  To confirm this 
observation, careful examinations of the entire crack 
front region for both low K_ and high K_ levels have been 
made by SEM and a series of microfractographs were taken. 
A map of such a region can be constructed from these micro- 
fractographs.  A sketch of a part of this map is shown in 
Pig. 20.  It can be seen that the crack front is quite ir- 
regular on the microscopic scale.. Finger-like protrusions 
extend from the main crack front for several grain diam- 
eters, or for about 0.02 to 0.08 mm.  There is no evidence 
for isolated crack nuclei ahead of the crack front.  The 
FPZ, therefore, is considered to be within one prior-aus- 
tenite grain diameter of the crack tip.  The evidence for 
nucleation ahead of the main crack [36-39] may be an arti- 
fact of sectioning, or may be associated with the lower 
strength steels where significant crack.blunting can occur. 
25 
5.0  DISCUSSION 
The fundamental mechanism for hydrogen embrittlement 
of high-strength steels is still not well understood [4, 
7,17,19,50]. At present, even the location of the frac- 
ture site for hydrogen embrittlement has not been un- 
equivocally identified.  Hydrogen assisted failure is prob- 
ably governed by a critical combination of local tensile 
stress and hydrogen concentration [26].  A number of 
models have been proposed which incorporated a hypothesis 
on the dominant role of crack-tip stress state [27,15,5.1]. 
The observed continuity in fracture surface morphology 
through the Stage I to Stage II growth rate transition 
(see Figs. 11 and 12) indicates that a single embrittle- 
ment mechanism is responsible for enhancing crack growth 
over the whole range of stress intensity factors investi- 
gated.  The K_-dependent Stage I reflects combined environ- 
mental and mechanical control of crack growth rate, while 
the Kj-independent Stage II is controlled by the kinetics 
of one of the chemical processes in the embrittlement 
sequence [5,13].  The role of microstructure on embrittle- 
ment, by and large, has not been fully explored.  A con- 
sideration of its influence on crack growth rate and crack 
growth response is made here in relation to the fracto- 
graphic observations obtained from this study. 
Microstructure is expected to have a significant role 
in embrittlement or crack growth response.  Hydrogen tends 
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to segregate to certain microstructural sites.  Because of 
the local concentration of hydrogen and their sensitivity 
to hydrogen, certain portions of the microstructures tend 
to become favored fracture sites.  Microautoradiographic 
studies [44] of plain carbon and alloy steels and of 18Ni 
(250) maraging steel [53,54] showed significant segrega- 
tion of hydrogen at prior austenite grain boundaries.  De- 
tectable segregation was also observed at interfaces asso- 
ciated with the martensite structure.  Hydrogen concentra- 
tion at these microstructuralsites was far in excess of 
the estimated lattice hydrogen concentration produced by 
increased hydrostatic stresses [26,15].  The fact that 
prior-austenite grain boundaries and martensite lath 
boundaries can be favored sites for hydrogen embrittlement 
is consistent with the observations of this study. 
Fractographic results presented in Figs. 15 and 16 
showed that the QC facets produced by hydrogen assisted 
cracking are identified with particular crystallographic 
planes (i.e.,   {110} ,) in martensite lattice.  Similar re- 
suits were reported recently for internal hydrogen embrit- 
tlement in pure iron and in other steels [20-22,55-58]. 
These observations suggest that hydrogen can induce trans- 
granular cleavage along low indipes planes{110} , or 
{112} , in martensite [55-58].  They also imply that crack- 
ing may occur as a result of the interaction between hydro- 
gen and structures produced by slip (e.g.,   slip bands or 
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cell structures) [20-22,58].  Thus, QC facets should be 
also included as one of the hydrogen concentrated sites. 
Transgranular QC cracking is not always important since 
only a small amount of QC separation was observed on the 
fracture surfaces.  It probably occurs only when no fa- 
vorably oriented prior-austenite grain boundaries are 
available. 
Having broadly identified the importance of micro- 
structure, its role in influencing crack growth rate and 
crack growth response is considered in 5.1. Considera- 
tions of microstructure in relation to the rate control- 
ling processes and to the fracture process zone are given 
in 5.2 and 5.3. 
5.1 The Role of Microstructure on Crack Growth Rate and 
Crack Growth Response 
Fractographic analyses from this study showed that 
temperature is the key variable in defining the crack path 
for hydrogen embrittlement of the AISI 4340 steel.  The 
change in the mean Stage II crack growth rate, for AISI 
4340 steel exposed to gaseous hydrogen at pressures of 
13.3, 57 and 133 kPa,in going from temperature Region A to 
Region C is correlated with a transition in fracture mode. 
The temperature at which these changes took place depended 
on the hydrogen pressure.  The change in FSM is difficult 
to explain in terms of the model proposed by Williams and 
Nelson [25,34].  According to this model, the low 
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temperature branch of the kinetics curve is controlled by 
activated adsorption of hydrogen.  The high temperature, 
on the other hand, is controlled by the equilibrium be- 
tween adsorbed and gaseous hydrogen.  If the associated 
change in hydrogen supply is the sole cause for change in 
crack growth response, then one should observe the same 
fracture mode mqrphology at the same crack growth rate in 
the two temperature regions, for which the hydrogen sup- 
plied to the steel is expected to be equal.  The observed 
difference in FSM, however, suggests that different micro- 
mechanisms or different hydrogen embrittlement processes 
need to be considered for the two temperature regions. 
To examine the role of microstructure, one might 
divide the embrittlement sequence roughly into three por- 
tions.  These three portions are depicted schematically in 
Pig. 21.  The first portion is concerned with the supply 
of hydrogen, and includes gas phase transport, surface re- 
actions, and entry and diffusion of hydrogen to the em- 
brittlement sites.  The second portion involves the parti- 
tioning of hydrogen among the potential fracture sxtes in 
the microstructure.  These sites in AISI 4340 steel in- 
clude:  (i) the prior-austenite grain boundaries, (ii) the 
martensite lath or patch boundaries, and {110} , and 
{112} , planes through the martensites [20-22,56-58], and 
(iii) the martensite lattice itself.  The third portion 
deals with the embrittlement reaction at each type of 
29 
site, with the prior-austenite grain boundaries being 
most susceptible and the marterisite lattice least sus- 
ceptible to hydrogen embrittlement.  Cracking at the re- 
spective microstructural elements would depend on the 
concentration and rate of supply of hydrogen there.  The 
overall crack growth rate would be determined by the rates 
of cracking through the participating microstructural 
elements. 
It is reasonable to suggest that the partitioning or 
distribution of hydrogen to the different microstructural 
elements is a function-of temperature and pressure. 
Hence, the concentration and rate of supply of hydrogen to 
the different fracture sites becomes functions of tempera- 
ture and pressure.  At low temperatures, most of the hydro- 
gen concentrates at the prior-austenite grain boundaries 
and at the QC sites.  The fracture is therefore predomi- 
nantly intergranular, and includes a small amount of QC 
cleavage.  Because the rate of supply of hydrogen from the 
external environment is relatively slow, crack growth is 
controlled by one of the hydrogen supply processes f6,13J. 
At the higher temperatures, or in Region C, more hydrogen 
is expected to go into the martensite lattice.  Increasing 
amounts of microvoid coalescence or dimpled failure now 
occur with increasing temperature and result in slower 
crack growth rate.  Accordingly, the changes in crack 
growth rate and crack growth response with temperature are 
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attributed now to the transfer of micromechanisms of 
fracture instead of the process of hydrogen supply.  The 
reduction in rate with temperature may be exacerbated by 
consideration of gas-adsorbate equilibrium, which further 
reduces the availability of hydrogen at the more suscepti- 
ble sites and elsewhere in the microstructure.  These con- 
siderations are equally applicable to hydrogen and hydro- 
gen sulfide. 
Based on these considerations, preliminary modeling 
has been carried out [59].  The results suggest that 
Stage II.crack growth rateean be expressed approximately 
as a function of temperature and pressure by Eqn. (l)-(3) 
as follows: 
For surface reaction control 
§| = (Ea.f.K.) n pV2  exP (- ^f) (1) 
For transport control 
If = (Sa.f.K.) n ^ (2) 
For diffusion control 
oT - CSVi^) 3  P0V2 exp (- ^)        (3) 
where       a. = crack growth rate coefficient of 
ith mode 
f. -  areal fraction of i  mode; Ef. = 1 
K.   = hydrogen distribution coefficient of 
1
  ith mode, IK^ = 1 
i   represents i  fracture mode, such 
as IG, QC and MVC. 
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The hydrogen distribution coefficients, K., depend 
on the binding enthalpy (HJG) for hydrogen to the lattice 
defects (such as dislocations and grain boundaries) and 
the heat of adsorption (AH) of hydrogen. 
Based on reasonable estimates of H_G, AH, and other 
parameters, Eqn. (l)-(3) appear to be in good agreement 
with expectations and with the experimental results for 
both the hydrogen and hydrogen sulfide/AISI 4340 steel 
systems over the entire range of temperatures used in the 
previous studies [7,10,11].  Clearly, partitioning of hy- 
drogen among the different microsfcructural elements plays 
an important role on the kinetics of ^crack growth and 
crack growth response.  It must be considered in addition 
to the considerations of hydrogen supply, e.g.,   that of 
the Williams and Nelson model [25,33].  Further development 
of the model is beyond the scope of this study, and will 
be undertaken in a following investigation. 
5.2 Hydrogen Supply Processes and Crack Growth Response 
Recent investigations have shown that the crack growth 
response is determined by a number of hydrogen supply pro- 
cesses, with a particular process in control over a given 
range of pressures and temperatures [4,6-14].  Crack growth 
response can change as the controlling process transfers 
from one to another [6].  This transfer of control is not 
necessarily accompanied by a change in the micromechanism 
for embrittlement.  Nevertheless, FSM can be used to con- 
32 
firm that an indicated change in response is attributable 
solely to a change in the controlling supply process.  As 
an example, crack growth in AISI 4340 steel exposed to H~S 
at 2.66 kPa may be considered.  Experimental data suggest 
that transfer of control from diffusion to gas transport 
would occur at about,300 K (see Fig. 5).  Indeed, the mean 
Stage II crack growth rate shows deviation from an Arrhenius 
type relationship (or diffusion control) beginning at about 
295 K.  Fractographic results, Fig; 22, on the other hand, 
show the presence of large amounts of dimpled rupture at 
413 K, but essentially no dimpled rupture at 373 K.These 
observations indicate that the change in FSM would occur at 
a temperature above 373 K.  Thus, the observed deviation 
in crack growth rate from an Arrhenius type relationship, 
over a broad range of temperatures, can be attributed only 
to the transfer of control from diffusion to another pro- 
cess, that is, to gas transport.  At even higher tempera- 
tures, the decrease in Stage II rate is attributed to hy- 
drogen partition as discussed previously (see Fig. 23). 
5.3 Fracture Process Zone and Hydrogen Embrittlement 
This part of the discussion is important to the 
question of how far hydrogen must penetrate into the steel 
ahead of the crack tip to induce cracking.  Several inves- 
tigators [36-39] have suggested that hydrogen must diffuse 
to the region of maximum triaxiality beyond the plastic 
enclave.  If this is true, a number of crack nuclei 
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should exist at a distance away from the crack tip; for 
example, at a distance of 0.13 mm at KT = 35 MPa/m for 
AISI 4340 steel.  There is no clear evidence for crack 
nucleation ahead of the main crack from this study.  The 
absence of isolated crack nuclei suggests that the initi- 
ation of microcracks at the site of maximum triaxial 
stress (about a plastic zone size ahead of the' crack tip) 
is not a necessary condition for hydrogen enhancement of 
crack growth in AISI 4340 steel in gaseous hydrogen and 
hydrogen sulfide under sustained load. 
It is interesting to note that K -dependent crack 
growth would follow from the assumption of crack nucle- 
ation at the edge of plastic zone or at the site of maxi- 
mum triaxial stress.  This consequence can be demon- 
strated by the following analysis.  Taking the distance 
from the crack nucleus to the tip of the main crack to be 
6. and the time required for each increment of crack 
growth to be t  , the rate of crack growth is given simply 
by Eqn. (4) : 
6, 
ldtJlI   *« (4) cr
The time t  may be roughly estimated from Eqn. (5) [60] 
by letting x = 6 . 
x = 2/Dt (5) 
Substituting t  from Eqn. (5) into Eqn. (4) leads to 
the following expression for g^l 
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Based on the assumption that cracks would nucleate at the 
edge of plastic zone or at the site of maximum stress 
triaxility, the value of 6. would be given by either Eqn. 
(7) or Eqn. (8) . 
1 KI2 6t ~  ir ""T"     {plastic zone size [61])      (7) 
°y 
6. = 2Ea~ (distance to the region of    (8) 
y      maximum stress triaxiality 
[62]) 
In either case, the crack growth rate would be inversely 
2 proportional to K._ : 
da 
dt II K2 
(9) 
where A is a proportionality constant, K is the stress 
intensity factor, and D is the diffusion coefficient for 
hydrogen in the matrix.  This result is clearly incon- 
sistent with experimental observations, and suggests that 
the assumption of advanced nucleation, in its present 
form, is not tenable.  The fact that no isolated nuclei 
exist in advance of the main crack does not mean that 
hydrogen embrittlement is a surface process.  Based on re- 
sults obtained in this study, one can only suggest that 
this nucleation would occur at a distance that is quite 
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small with respect to the prior-austenite grain size and 
that somehow the crack increment remains constant at each 
critical time t. 
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6.0  SUMMARY 
A comprehensive program was undertaken to study the 
role of microstructure in influencing crack growth of AISI 
4340 steel fractured under sustained load in hydrogen and 
in hydrogen sulfide over a range of temperatures and pres- 
sures.  The principal results from this study are as fol- 
lows: 
1. The fracture surface morphology was essentially 
identical for these environments.  For Stage II cracking, 
the fracture morphology (i.e., fracture path) was predom- 
inantly intergranular separation along prior austenite 
grain boundaries, with a small amount of quasi-cleavage 
separation at low temperatures, and predominantly micro- 
void coalescence with intergranular separation at high 
temperatures. 
2. The key variable in determining the crack path 
for hydrogen embrittlement of the AISI 4340 steel was 
temperature.  The transition in fracture mode {i.e.,   crack 
path) was directly correlated with the change in the mean 
Stage II crack growth rate.  The temperature at which these 
changes take place depends on the hydrogen and hydrogen 
sulfide pressure. 
3. Fracture morphologies were independent of stress 
intensity factor and crack growth rate through Stages I and 
II transitions for all temperature and hydrogen pressure 
conditions studied. 
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4.  There was no change in fracture surface morphology 
as the rate controlling process transfers from one to 
another.  This fractographic observation supports the fact 
that transfer of control is not necessarily accompanied by 
/ 
a change in the micromechanism for embrittlement. 
5. Crystallographic features noted on the guasi- 
cleavage facets produced by hydrogen assisted cracking 
were identified.  This indicated that for Stages I and II 
cracking, hydrogen can induce transgranular cleavage along 
low indices plane {110} , in martensite.   i a 
6. No clear evidence for isei^ted crack nuclei ahead 
of,the main crack front' was observed.\ Series of micro- 
fractographs only showed that the crack front was quite 
irregular on the microscopic scale.  Finger-like protru- 
sions extend from the main crack front for several grain 
diameters. 
These results suggest that the prior-austenite grain 
boundaries, martensite lath or patch boundaries, {110} , 
and {112} , planes through the martensites, and the mar- 
tensite lattice itself are potential fracture sites.  The 
rate of cracking by each fracture mode appears to depend 
on the local concentration and rate of supply of hydrogen 
to these fracture sites, and therefore are expected to de- 
pend on the temperature, pressure and partitioning of 
hydrogen among these different microstructural elements. 
Crack growth response at high temperatures may be con- 
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trolled by the fracture mechanism or by the gas-adsorbate 
equilibrium or both.  The absence of isolated crack nuclei 
suggests that nucleation of cracks at the site of maximum 
triaxial stress is not a necessary condition for hydrogen 
cracking.  This nucleation would occur at a distance that 
is quite small with respect to the prior-austenite grain 
size and that somehow remains constant. 
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TABLE 1 
CHEMICAL COMPOSITION, HEAT TREATMENT, AND ROOM TEMPERATURE 
TENSILE PROPERTIES OF THE AISI 4340 STEEL INVESTIGATED 
Chemical Composition (Weight Percent) 
C Mn P S Si Ni Cr        Mo Co Ti 
0T4T     5770     0.0009     0.0012     0.28     TT83     0779     0.24     OlT     <0.005 
Heat Treatment 
Normalize, 1 h, 900°C, A.C. + austenltlze, 1 h, 843°C, O.Q. + temper, 
1 h, 204°C, A.C. 
A.C. = air cool; 0. Q. = oil quench 
Tensile Properties 
0.2% Offset 
Yield Tensile Young's 
Strength Strength Modulus      Elongation 
MPa          MPa GPa Pet 
1344 2082 201 9 
(in 3.56 cm) 
TABLE 2 
Angles Between Microstructural Elements 
Photo 
No. 
Angle A Angle B Angle C 
1 60 64 56 
2 61 63 56 
3 61 63 56 
4 61 63 56 
5 60 ,62 58 
6 61 - - 
Average 60.6 63.0 56.4 
From scanning electron fractographs 
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Figure 1:  Schematic diagram of environment as- 
sisted crack growth behavior [18]. 
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Figure 2: Schematic illustration of various sequential pro- 
cesses involved in embrittlement of ferrous alloys 
by external environments.  (Embrittlement reaction 
is depicted schematically by the Fe-H-Fe bond.) [5,19] 
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Figure 3:  The temperature dependence and the 
corresponding rate controlling pro- 
cesses for Stage II crack growth in 
various hydrogenous environments: 
(a) H2S at 2.66 kPa (20 torr), (b) 
H2S at 0.13 kPa (1 torr), (c) H2 at 
133 kPa (1000 torr), and (d) H2O 
(liquid).  [7,10,11] 
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Figure 4: Effect of temperature on the rate of Stage II crack growth 
in AISI 4340 steel (tempered at 477 K) in dehumidified 
hydrogen at 13.3, 57 and 133 JcPa.  [7,10] 
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Figure 5:  Effect of temperature on the rate of 
Stage II crack growth in AISI 4340 
steel (tempered at 477 K) in hydrogen 
sulfide at 0.13 and 2.66 kPa.  [10] 
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Figure 6:  Scanning electron microfractograph of 
Stage II cracking in AISI 4340 steel 
exposed to hydrogen in Region A (p = 
133 kPa, T■= 296K).  The arrows indi- 
cate intergranular separation (IG), 
quasi-cleavage (QC), secondary cracking 
(SC), grain boundary marking (GM), and 
ductile tearing (DT). 
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Figure 7: SEM microfractographs from mating fracture surfaces 
at area indicated by IG in Figure 6, showing inter- 
granular separation/ grain facet marking, boundary 
phase cracking and secondary cracking along prior 
austenite grain boundaries.  (1-1 indicate a hole- 
particle pair and 2-2 a tear ridge pair.) 
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Figure 8 
SEM microfractographs from mating fracture surfaces 
at area indicated by QC in Figure 6, showing a 
quasi-cleavage facet and secondary cracking, 
arrows indicate secondary cracking along prio: 
tenite grain boundaries. 
White 
r aus- 
Figure 9: Scanning electron microfracto- 
graph of Stage II cracking in 
AISI 4340 steel exposed to hydro- 
gen sulfide in Region A (p = 
2.67 kPa; T « 296K; K «= 44 MPa.'m) , 
50 
Ln 
Figure 10:  Fracture profile for an AISI 4340 steel specimen 
tested in gaseous hydrogen in Region A. 
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Figure 11:  The fracture surface morphology produced in hydrogen 
at 133 kPa and 273K at two stress intensity (K_) 
levels:  (a) Kj = 22 MPa/m, and (b) K - I 
60.4 MPa/m.                        1 
Figure 12: Boundary between the fatigue pre- 
crack (FCG) and the initial portion 
of the hydrogen assisted cracking 
(HAC); indicated by arrow 1. 
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Figure 13: The influence of temperature on Stage 
II fracture surface morphology for 
hydrogen at 133 kPa: (a) 243K, (b) 
295K, (c) 351K, and (d) 412K. 
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Figure 14: The influence of temperature on Stage 
II fracture surface morphology for 
hydrogen sulfide at 0.133 kPa: 
(a) 253K, (b) 276K, (c) 298K, and 
(d) 353K. 
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Figure 15: Comparison of the geometrical markings of quasi- 
cleavage,facet produced by cracking in hydrogen 
and the microstructure of martensite in AISI 
4340 steel. 
(100) 
(110) (100) 
Figure 16: 
(b) 
SEM micrograph of etch pits on a quasi-cleavage 
facet (a), and sketches of the pit shapes for 
(110}  and {100} planes in b.c.c. lattice 
structure (b). 
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00 
Figure 17: 
(a) (b) 
Transmission electron micrograph and electron dif- 
fraction pattern for AISI 4340 steel.  (a) Bright 
field image, and (b) Selected area diffraction 
pattern from Region A. 
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Figure 18: Macrofractograph of AISI 4340 steel tested 
in vacuum and in hydrogen sulfide at 0.067 
kPa. 
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Figure  19: Scanning electron fractograph 
of a typical region between frac- 
ture in hydrogen sulfide under 
sustained load (HAC) and frac- 
ture by fatigue in vacuum at 
1.3 x 10~4 Pa (FCG). 
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Figure 20:  Sketch of crack front contour and fracture surface ob- 
tained from SEM microfractographs. 
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Figure 21:  Schematic illustration of hydrogen induced cracking steps. 
*fi£ 
Figure 22:  Scanning electron microfractographs 6t 
Stage II cracking in hydrogen sulfide 
at 2.66 kPa at temperatures: 
(a) 299K, (b) 323K, (c) 373K, and 
(d) 413K, 
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Figure 23:  Illustration of crack growth response under diffusion, 
transport or hydrogen partition control. 
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Figure 24:  Indexing of the selected area electron 
diffraction pattern from Figure 17. 
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APPENDIX I 
Estimate of the Angles Formed by the Traces of 
Martensite Laths on the (Oil)a« Plane (observed 
on the Fracture Surface by SEM) 
Previous studies on iron alloys have suggested that 
the habit plane of martensite in iron-carbon alloys is 
{111}  for alloys containing less than 0.2 pet carbon and 
is {225}  for those containing 0.5 to 1.4 pet carbon [63- 
65],  According to Bowles [65], the {111}  habit plane is 
comprised of laths of martensite which are parallel to the 
<1015> direction.  Bowles aiso suggested that transforma- 
tion in low-carbon steels (less than 0.4% C) is charac- 
terized by degeneration of {225}  martensite plates into 
laths. 4  . 
Based on a consideration of the crystallographic re- • 
lationship of martensite transformation [66], it is now  ■ 
assumed that the laths are formed by shear in one plane 
and along a single direction, e.g.,   in (111)  along 
[101] .  The (111)  plane and [101]  direction transform 
into (011) , and [111] , in the martensite respective- 
ly.  The shearing plane and direction must be consistent 
for all these sets of laths regardless of their habit 
plane orientation.  For example, for {111}  habit plane, 
shear along (111)  would yield martensite laths with 
(111) , (ill) , and (111)  habit planes. 
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The intersections of martensite laths with the (111) 
plane produce traces on (111)  which have the same angular 
relationship as those on the corresponding (Oil) , plane 
in martensite lattice.  The angular relationship between 
these traces can be readily determined by using the zone 
law and the corresponding direction cosines (i.e.,   dot- 
product of two vectors): 
a = a., i +, a2j + a,k 
b = b-,4 + b2j + *b-k - 
i i Is] 
h k I 
z m n
. 
i "j '*' 
h k a 
* 'm •n' 
(1-1) 
(1-2) 
cos6 = 
§ . b 
(1-3) 
The vectors a and b are the intersections of (I  m n) and 
(£' m' n*) planes with (h k I)   plane respectively, 8 is 
the angle formed by a and b vectors. 
For (111)  plane, the intersections of {111}  mar- 
tensite laths are determined and lifted in Table (1-1). 
For iron-carbon alloys containing less than 0.6 pet 
carbon, it is reasonable to neglect the tetragonality 
of martensite lattice [67-68]. 
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TABLE (1-1) 
Directions of Martensite Traces on 
(111)  With {111}  Habit Plane 
Habit Plane Trace on   (111)Y 
(H1)Y [iioiY 
(11DY I10UY 
(11DY toii]Y 
Obviously, these traces form 60° angles with respect to 
each other since cos0 = /?73f <= 0.5. 
For {225}  habit planes, they do intersect with 
(111)  and also result in traces that form 60° angles with 
respect to each other, a,s can be deduced from Table (1-2) . 
TABLE (1-2) 
Directions of Martensite Traces on 
(111)  With {225}  Habit Plane 
Habit Plane Trace on (111) 
(225)Y, (2251y U10JY 
(252)y, (252)Y U0lJY 
(522)Y, (522)y [011]Y 
The (225) , (252) , and (522)  form angles of 96° with 
(111)  and are the more likely habit planes associated 
with shearing deformation in (111) .  The (225) , (252) 
and (522)  form angles of -25° with (111) , and are not 
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considered to be the likely habit planes for shearing on 
(111)Y. 
% •# 
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APPENDIX II 
Analysis of Selected Area Diffraction (SAD) 
Pattern (Determination of B) 
The foil plane or B can be determined from a selected 
area diffraction (SAD) pattern.  Using the counterclock- 
wise index rule [70], B is defined as the outward normal 
from, the print of the diffraction pattern, that is a di- 
rection opposite to the incident electron beam.  Fig. 
24-a is a selected area diffraction pattern from one of 
the martensite laths marked in Fig. 17.  The distances and 
angles measured from the diffraction pattern are as fol- 
lows: R. = 12.6 mm, R„ = 13.6 mm, R_ = 5.05 mm, <J>, = 22.2° A B C 1 
and  <J>2 = 67.8°.  The interplanar spacing, d is then cal- 
culated from the following formula: 
Rd = XL 
where    R is the distance from the center spot of the 
diffraction pattern to the diffraction spot 
of interest. 
L is the camera length = 310 mm. 
X is the wave length of electron beam=3.35 pm. 
The interplanar spacings d_, d , d_ are determined to be 
0.0824 nm, 0.0769 run, 0.2013 nm.  The spots A, B, C of 
the diffraction pattern are then ide»jpft.ed to be (222), 
(132) and (110), respectively.  The remaining spots of the 
diffraction pattern are indexed vectorially, see Fig. 
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24-b.  The theoretical and measured values of <j>. and <}>-, 
and of the ratio of interplanar spacings, d^/d- and dn/d., 
are given and compared in Table,II-l.  The values are.seen 
to be in good agreement.    ■ 
x TABLE (II-l) 
Ratio of d Spacings and Angles Between Lines 
from the Center Spot to the (h,k,£.) Spots of Interest 
Ratio Angles 
 
d110/d222*  d110/d132  * (2*22) "(132) *(132)"(110) 
Theoretical  2.449     2.646      22.21°      67.79° 
Measured    2.495     2.693      22-2°67-l° 
By using the zone law, the beam axis [UVW] can be 
determined as follows (counterclockwise rule): 
U = hxJl2 - k2«>1 = 4-6 = 2 
V = l^2 - l2hx = 2-4 = 2 
W = h1k2 - h^ = 6 + 2 = 4 
Finally, the B vector is identified to be [112] ,. 
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APPENDIX III 
Estimate of the Angles Formed by the Traces 
of Martensite Laths on the (112) , Plane 
(observed on the Thin Foil by TEM) 
It has been shown that the angles formed by the 
traces of martensite laths on the (110) , plane (with mar- 
tensite habit planes, either {111}  or {225}  are 60° (see 
Y        Y 
Appendix I)).  An estimate of the values of these angles 
is desired for the case when the sectioning plane is 
parallel to (112) ,.  This estimate can be made by using 
the relative orientation of austenite and martensite and 
an analytic geometry method developed by Jaswon and 
Wheeler [69]. 
From the Kurdjumov-Sachs lattice relationship and 
neglecting the tetragonality of martensite lattice [67, 
68], a convenient intermediate rectangular frame of 
reference can be established as follows: 
iz ...  [111]Y || [011]a, 
ly  '••    ^l)y     ||   [lll]a, (IH-1) 
Ix ...  [12l]Y ||  [211]a, 
Here, following Wayman [66], the specific set of the 
twenty-four possible variants of the Kurdjumov-Sachs rela- 
tionship is used; i.e., (Ill)  ||  (OIL) ,, and [101]  || 
T A T 
[lll]a,. *The relations of reference I to the usual aus- 
tenite cube axes (A), and the martensite cube axes (M), 
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are known from the indices specified on the left- and 
right-hand sides of relation (III-l), respectively.  The 
transformation matrices from axes A to axes I and from 
axes M to axes I are obtained by evaluating the direction 
cosines from the indices of the I axes relative to, the A 
and M axes. 
The Transformation Matrix for M/I 
1211) till] [Oil] 
M 
[100] 2 
-l 
/3 
0 
[010] -1 /6 
-1 
/3 
1 
/2 
[001] 1 1 /I 
1 
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f 2 -/2"   0] 
(M/I) 1 
-l 
. i 
-/? /3 
/2  /3. 
The Transformation Matrix for I/A 
[100] [010] [001], 
I 
[121] 
[101] 
[111] 
-1 
/6 
2 
/6 
= 1 
/6 
-1 0 1 /2 
1 
/3 
1 
/3 
1 
/3 
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(I/A) -£ 
-12   1 
-/3  0  /3 
/2 /2  /2 
From these two matrices, the matrix for the transformation 
from axes A to axes M is then obtained by matrix multipli- 
cation, i.e., 
(M/A) = (M/I) (I/A) (IH-2) 
For the lattice parameter of austenite, a = 0.3564 run 
and of martensite, a = 0.2860 nm [69], the relation be- 
tween coordinate numbers can be expressed as follows: 
ax 
ay 
az 
= (M/A) 
a' 
ax 
ay 
az 
or 
f 
X X 
y =  |(M/A) y 
z 
~ i z a' 
The matrix —(M/A) is evaluated and is given by; 
0.093 
1.227 
0.208 
0.832 
0.093 
0.925 
0.925 
0.208 
0.811 
(III-3) 
Using the matrix given in (III-3), one can readily deter- 
mine the indices of (112) , relative to the austenite axes, 
These indices are as follows: 
1 
1 
a' 
0.093 
1.227 
0.832 
0.093 
0.925 
0.925 
0.208 
0.811 
h 
k 
A 0.208 
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whereby, h = 0.4585, k = 0.7108, and £. = 1.7617.  In other 
words, the (Il2) , plane in martensite corresponds to the 
(0.4585  0.7108   1.7617)  plane in austenite. 
Now, the directions of the traces of martensite laths 
on the (0.4585 0.7108 1.7617) plane, with {111} and 
{225} habit planes can be estimated and are given in the 
following Table. 
TABLE (III-l) 
Direction indices of martensite traces on 
(0.4585  0.7108  1.7617)Y plane with 
{h k 1}     habit planes 
Habit Plane Trace  on   (0.4585 ,   0.7108 ,   1.7617)y plane 
(lll)y 
(11DY 
(111)Y 
[2.4725. 0.2523] 
1.1693]y 
1.1693]Y 
2.2202 
[2.4725 
[1.0509 
1.3032 
2.2202 
(225)y 
(252)y 
(522)^ 
[7.0774 0.5046] 
3.7141] 
Y - 
5.8195 
[10.2301 
[2.1018 
2.6064 
9.7255 4.471]y 
Finally, the angles formed by these traces, with 
{111}  and {225}  martensite habit planes are calculated 
and are listed in Table (IIX-2).  The measured values of 
the corresponding angles from the micrograph (Figure 17a) 
are also listed in Table (III-2).  It can be seen that the 
angles formed by the traces with the {225}  habit planes 
are in good agreement with the measurements.  This 
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TABLE (II1-2) 
Angles between martensite laths on (112) plane 
with {h k I)     habit planes 
Angle between traces ei 62 93 
Calculated, for {111} 
habit plane       ' 
.73.2° 33.6° 73.2° 
Calculated, for {225} 
habit plane       Y 
57.4° 58.7° 64.4° 
Measured 58° 59° 63° 
correspondence suggests that martensite habit planes in 
AISI 4340 steel are more like {225} , rather than {111} , 
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